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ABSTRACT
Hosts have two main strategies for coping with infections: resistance and tolerance.
Resistance is aimed at preventing or eliminating parasites, whereas the goal of tolerance is to
maintain performance regardless of parasite burden. The balance between resistance and
tolerance within a host may mediate host competence, or the propensity of a host to infect other
hosts or vectors. Hosts with high tolerance and low resistance to an infection, for instance, may
be highly competent and possess the greatest potential to act as superspreaders. These
superspreading hosts will contribute disproportionately to transmission, thus posing the greatest
risk to other hosts within a population or community. Understanding the drivers of heterogeneity
in host competence therefore has broad implications for the management of infectious diseases in
nature.
Host tolerance is typically quantified as the slope of the relationship between host
performance and parasite burden. The majority of host tolerance studies have been conducted at
the level of genotypes, populations and species. Individual hosts often exhibit variation in
competence, with some individuals contributing more or less to transmission than the
population/species average. Despite the clear importance of understanding tolerance at the
individual-level, such studies are rare and may be particularly challenging in field contexts due
to the need for repeated performance-burden measurements. I used the house sparrow (HOSP) –
West Nile virus (WNV) system to investigate differences among two alternative approaches to
estimating individual tolerance: the scope and position methods. The scope method estimates
tolerance traditionally as the slope of multiple performance-burden measurements over time
v

within an individual; alternatively, the position method required only one measurement for each
individual, thus characterizing tolerance via among-individual variation in host defense. We
found strong relationships between scope and position estimates of individual tolerance,
suggesting that the position method may be an appropriate proxy to use in field studies. I also
compared tolerance estimates derived from different metrics of performance. There were weak
correlations among these estimates of tolerance, implying that tolerance estimated by measuring
a single trait may not be indicative of tolerance at the level of the whole individual or their
contribution to disease processes.
Understanding the physiological mediators of host competence may help to pinpoint
at-risk and risky individuals (or genotypes, populations and species) within natural communities,
thus facilitating the development of more targeted disease management strategies. Cytokines and
glucocorticoids have been identified as potent mediators of host defense. Pro-inflammatory
cytokines may act to promote resistance, whereas anti-inflammatory cytokines and
glucocorticoids tend to mediate host tolerance. I investigated the dynamics of pro-inflammatory
cytokine IFN-γ, anti-inflammatory cytokine IL-10, and the major avian glucocorticoid,
corticosterone (CORT), following WNV exposure in HOSP. I then assessed the influence of
these three mediators on resistance and tolerance to WNV infection. I found unusual dynamics
for the three mediators across the infection period: IFN-γ expression was not induced by WNV
exposure, IL-10 expression was dampened by WNV exposure, and CORT levels were higher in
unexposed individuals. Despite the unique response of HOSP to WNV exposure seen here, we
did find that constitutive expression of IFN-γ and IL-10 mediate resistance and tolerance to
WNV, respectively. Unexpectedly, we also found evidence for protective (pro-resistance) effects
of CORT, which contrasts with previous evidence for the role of CORT in mediating WNV
vi

infections. Combined, the results of this study suggest that hosts with constitutively high IL-10
and low IFN-γ expression may have high potential to act as superspreaders of disease, thus
becoming critical targets in designing WNV-control strategies in passerines.
The methods by which we quantify host tolerance may greatly affect the conclusions
we are able to draw from such studies. To date, a variety of definitions and techniques have been
used to study tolerance in animals. In chapter three, I briefly summarize past plant and animal
tolerance research, highlighting discrepancies among researchers in their motivations, definitions
and techniques for studying tolerance. For instance, I discuss biases in the literature regarding the
use of range versus point tolerance, vigor, and laboratory versus field studies. In particular, I
expound upon the nature of the performance metrics used in the majority of tolerance estimations
in the literature, and discuss the ecological implications of these metrics. To conclude, I offer
suggestions for overcoming the challenges associated with studying tolerance and encourage a
unified way forward in the field, emphasizing the selection of system-specific and ecologically
relevant tolerance metrics.
My thesis research has employed physiological and behavioral methods in an
ecological context to better understand the heterogeneities that exist in host competence. By
combining empirical data in the HOSP-WNV system with conceptual and methodological
strategies for assessing host defenses, this research has broadened our knowledge of host
responses in the WNV system in a manner that may be applicable to understanding and
managing disease dynamics in diverse natural communities.
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CHAPTER ONE:
ALTERNATIVE APPROACHES TO ESTIMATING DISEASE TOLERANCE

Abstract
Variation in individual competence, or the propensity of a host to transmit infection, affects
disease dynamics at population- and community-levels. As a result, investigating the elements
influencing this individual heterogeneity could have implications for understanding parasite
transmission in natural communities. Resistance and tolerance are two important components
affecting host competence; resistance involves reducing parasite burden to mitigate infections,
whereas tolerance involves maintaining performance during an infection regardless of parasite
burden. The performance metrics selected to evaluate tolerance may have a critical impact on the
conclusions we draw from such studies, and thus on their ecological relevance. Additionally,
challenges associated with estimating tolerance in individuals, particularly in field studies, have
resulted in an overrepresentation of laboratory studies of animal tolerance. Here, we
experimentally infected house sparrows (Passer domesticus) with West Nile virus (WNV) to
investigate two questions: 1) do distinct performance metrics result in similar tolerance estimates
among individuals, and 2) is there an efficient alternative to measuring tolerance in field studies?
Specifically, we observed four performance traits (body mass, breast muscle score, activity level
and flight performance) and compared the associated individual tolerance estimates to WNV
infection. We then compared two methods of estimating tolerance in individuals, the scope
(using multiple performance-burden measurements per individual) and position (using a single
1

performance-burden measurement during infection) methods. We found almost no correlations
among different performance traits in their estimates of tolerance, implying that tolerance for one
metric is not necessarily representative of whole-organism tolerance. We also found that scope
and position estimates of tolerance were highly positively correlated, suggesting that position
tolerance may be a useful alternative for estimating individual tolerance more efficiently in field
studies.

Introduction
Within communities, disease dynamics are affected by transmission heterogeneities among host
genotypes, individuals, populations and species (Han et al. 2016; Kilpatrick and Pape 2013;
Woolhouse et al. 1997). Indeed, hosts often exhibit significant variation in competence, or the
propensity to generate new infections in susceptible hosts (Barron et al. 2015; Gervasi et al.
2015; Martin et al. in press). Superspreaders and dilution hosts are two extreme examples of
variation in competence: whereas superspreaders have the potential to contribute
disproportionately to disease spread (Barron et al. 2015; Gopinath et al. 2014; Lloyd-Smith et al.
2005), dilution hosts act to absorb parasites from the environment without facilitating further
transmission (Keesing et al. 2006; LoGiudice et al. 2003; Ostfeld and Keesing 2000; Raffel et al.
2008). The ratio of superspreaders and dilution hosts in a population may drastically impact the
associated disease dynamics (Lloyd-Smith et al. 2005; Paull et al. 2012). For instance, high
prevalence of highly competent hosts in a population often equates to higher disease risk to
uninfected individuals (Barron et al. 2015), and potentially greater threat of spillover to nonreservoir or particularly vulnerable hosts (e.g., zoonoses) (Mandl et al. 2015).

2

Variation in competence among hosts arises from variation in resistance and tolerance to
parasites. Resistance is aimed at preventing or eliminating infections, often at the expense of
self-damage (Sears et al. 2011; Tracey and Cerami 1993). Tolerance, on the other hand, is
concerned with maintaining performance regardless of parasite burden. Resistance is often
measured as the inverse of parasite burden (Raberg et al. 2007), whereas tolerance is typically
quantified as the slope of the relationship between host performance and parasite burden
(Medzhitov et al. 2012). Hosts expressing high tolerance would, by definition, face moderate to
no changes in performance when infected, often resulting in more opportunities for contact with
susceptible hosts and vectors. When these tolerant hosts also have low resistance (i.e. high
parasite burden), the resulting defense profile may be characteristic of a highly competent
superspreader (Boots 2008; Gopinath et al. 2014; Raberg et al. 2009). Conversely, hosts with
high tolerance and high resistance possess the potential to act as dilution hosts (Raffel et al.
2008). Thus, understanding how resistance and tolerance vary among and within hosts may help
to better manage the spread of disease in natural populations.

The techniques and strategies scientists use to measure resistance and tolerance are likely to have
a critical impact on the inferences drawn from such studies. For instance, the performance traits
selected to assess tolerance affect our ability to extrapolate the influence of a host’s tolerance on
the disease outcome of the community. This considered, three topics warrant consideration in the
animal tolerance literature: 1) laboratory- versus field-based research, 2) conflict over
quantitative methods of estimating tolerance and 3) a lack of system- and hypothesis-driven
selection of performance traits used to estimate tolerance. Firstly, the vast majority of animal
tolerance studies have been conducted in the lab (Ayres and Schneider 2009; Bonneaud et al.
3

2012; Bordes et al. 2012; Coon et al. 2014; Corby-Harris et al. 2007; Lefevre et al. 2011; Raberg
et al. 2007; Rohr et al. 2010; Stjernman et al. 2008; Vale and Little 2012). Lab studies offer clear
advantages, such as control of prior parasite exposure and co-infection status, management of
environmental variables, regulation of parasite exposure dose and knowledge of infection
duration, but their relevance to natural conditions is unclear. Field tolerance studies are rare
(Bordes et al. 2012; Hayward et al. 2014) and often complicated, yet they are crucial to exposing
the role of host tolerance in natural settings. Moving forward, an ecologically informative
approach should more evenly distribute tolerance studies among laboratory-, field- and
mesocosm-based contexts.

A second discrepancy among most available animal tolerance studies involves the methods by
which tolerance is estimated. Many studies have utilized range tolerance (Coon et al. 2014; de
Roode and Altizer 2010; Hayward et al. 2014; Raberg et al. 2007), which estimates tolerance as
the relationship between multiple performance measurements across a range of parasite burdens
(Ayres and Schneider 2012; Little et al. 2010). Point tolerance, on the other hand, describes the
performance of different hosts, species, or genotypes at a single, often peak, parasite burden
(Little et al. 2010). Range tolerance estimates are better able to capture the dynamics of infection
and can identify non-linear relationships between host performance and parasite burden (Ayres
and Schneider 2012; Little et al. 2010), but point tolerance estimates are often more feasible to
obtain, especially in the field. Often, both point and range tolerance are estimated among hosts,
such that regressions are based on performance-burden snapshots from a variety of individuals
(Little et al. 2010). This method may be justified for some parasites, such as macroparasites that
do not replicate in/on hosts (Anderson and May 1979). However, for many host-parasite systems,
4

investigating the dynamics of parasite burden and host performance during an infection may
enrich our understanding of tolerance (Doeschl-Wilson et al. 2012; Hayward et al. 2014;
Schneider 2011). Although with wild-caught individuals, this approach may be complicated by
immune memory (Alberts et al. 2002) or other factors (e.g., exposure to biotic and abiotic
stressors). It is thus inappropriate to assume that estimates of point and range tolerance generated
by evaluating differences among individuals will be representative of within-individual tolerance
estimates (Dingemanse et al. 2010).

The third and perhaps the most ecologically conspicuous limitation of existing animal tolerance
studies is their reliance on simpler-to-measure host performance traits. Most animal tolerance
studies have estimated tolerance using performance traits that are associated with organismal
condition or physiological responses, such as body mass (Bonneaud et al. 2012; Raberg et al.
2007), immunological metrics (Raberg et al. 2007; Regoes et al. 2014) and survival (CorbyHarris et al. 2007; de Roode and Altizer 2010; Lefevre et al. 2011; Stjernman et al. 2008).
Whereas these traits have implications for individual infection outcomes, they are often limited
in their pertinence to ecological and epidemiological processes (see Chapter 3). By contrast,
traits affecting host contact rates, habitat and foraging range, social interactions, mating activity
and many others will influence both the individual’s infection outcome and their threat to the
community. Although the significance of selected performance traits will vary depending on the
specific system under study (e.g., parasite and transmission mode), more careful consideration of
the performance variables used to estimate tolerance could help us link within-host infection
dynamics with among-host epidemiological consequences (Martin et al. in press).

5

My objective was to evaluate opportunities for progress in animal tolerance studies, specifically
by investigating whether distinct quantification methods and host performance metrics produced
equivalent tolerance estimates. To do so, I examined two methods of estimating tolerance within
individuals, here referred to as the scope and position methods. The scope method is derived
from range tolerance approaches and utilizes multiple performance measurements at a variety of
parasite burdens within one exposed host individual. This technique also involves measurement
of host vigor, or performance in an uninfected state (Graham et al. 2011; Stowe et al. 2000), to
estimate tolerance. Although beyond the scope of this study, covariation between vigor and
tolerance (the slope and intercept of host-parasite relationships, respectively) is possible (Graham
et al. 2011) and itself a compelling factor to consider in future tolerance studies. In contrast to
the scope method, the position method derives individual tolerance from a single performanceburden measurement by comparing each host’s deviation from the population average. To
estimate scope and positon tolerance, I used different performance metrics to enhance the
ecologically-relevant predictions drawn from this study. To explore these avenues, I used the
West Nile virus (WNV)-house sparrow (HOSP) system. WNV is a vector-borne parasite that has
devastated many avian populations, especially passerines (Kilpatrick et al. 2013), and poses a
significant threat to humans (Komar et al. 2003; Kramer et al. 2007). WNV is naturally sustained
by cyclic transmission between mosquito vectors, particularly Culex species, and avian hosts
(Kramer et al. 2007). Unlike humans and some mammalian hosts (Lim et al. 2011), birds are
capable of surpassing the transmission threshold and facilitating the spread of WNV to
mosquitoes (Komar et al. 2003; Marm Kilpatrick et al. 2006). House sparrows (HOSP) are a
species of introduced passerine that has recently been identified as a highly competent, potential
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reservoir for WNV (Del Amo et al. 2014; Duggal et al. 2014; Nemeth et al. 2009a; Nemeth et al.
2009b; Wheeler et al. 2012).

Methods
Wild house sparrows (Passer domesticus; HOSP) were caught in mist nets at two locations
around the Tampa Bay area (approximately 28ᵒN, -82ᵒW) between September and November,
2015. HOSP were transported to the University of South Florida’s Psychology and
Communication Sciences and Disorders (PCD) building, and housed individually in cages.
Sparrows were maintained at PCD between 2 and 24 days before transport to the Animal
Biosafety Level-3 (ABSL-3) facility in the Interdisciplinary Research Building at the University
of South Florida. Sparrow cages were housed inside a BioBubble containment system and kept at
an approximate average temperature and humidity of 70-72ᵒF and 50%, respectively. Food
(ABBA 1900 exotic finch food, ABBA Products Corp., Hillside, NJ) and water were provided ad
libitum, and the sparrows were maintained on a 13:11 hour photoperiod (0600 to 1900). This
experiment complied with approved protocol #1528 by the Institute for Animal Care and Use
Committee and permit #1133 from the Institutional Biosafety Committee at the University of
South Florida.

Experimental Procedure Male and female captive HOSP (N=25) were randomly divided into
control (N=4) and treatment (N=21) groups. Sparrows were given four days to acclimate to the
ABSL-3 facility prior to the initiation of experimental procedures. One day preceding
inoculation, four performance measurements (see “Assessing Host Tolerance”) were recorded
for all individuals to capture baseline performance in an uninfected state (i.e., vigor). On
7

experimental day 0, sparrows received a subcutaneous inoculation of either 100μl of 102 PFU/ml
WNV (1999 New York strain isolated from an American crow [Corvus brachyrhynchos]) or an
equivalent volume of serum virus diluent (SVD). WNV inoculum was prepared from a stock
concentration of 108 PFU/ml (determined via Vero cell (strain C1008) (Govorkova et al. 1996)
plaque assay (Brien et al. 2013)) and serially diluted (1:9) in SVD. On days 2, 4, and 8 post
inoculation (dpi), the same four performance metrics were recorded for each sparrow. Host
performance was quantified at four time points (-1, 2, 4 and 8 dpi) per individual across the
experimental period. Immediately following performance trials on these days, plasma samples
were taken from each HOSP as follows: approximately 50μl of blood was collected from the
brachial vein, blood was centrifuged at 12,000 rpm for 15 minutes, and the plasma supernatant
was transferred to a separate container for storage at -40ᵒC.

Assessing Host Resistance RNA was extracted from plasma samples using the QIAamp Viral
RNA Mini Kit (QIAGEN, catalog # 52906) following manufacturer’s instructions. The extracted
RNA was used as the template material for reverse transcriptase quantitative PCR (RT-qPCR)
(iTaq Universal Probes One-Step kit, BioRad, catalog # 1725141) (Gervasi et al. in review-b;
Papin et al. 2010). Samples were compared along a standard curve derived from stock virus, and
the relative circulating viral titer (PFU per ml) for each sample was obtained from this qPCR
output.

Assessing Host Tolerance Four metrics of host performance were observed for every individual
on each sampling day prior to bleeding the birds for blood and plasma samples. The measures
included body mass (g), breast muscle score (size of breast muscle on a 0-4 scale; (Adelman et
8

al. 2010)), activity level (number of hops per minute), and vertical flight performance (cm of
vertical flight; (Martin et al. 2012)). Body mass and breast muscle were chosen as simple-tomeasure traits that represent host body condition (Adelman et al. 2010; Owen-Ashley and
Wingfield 2007). Activity level and flight performance were selected as more complex
behavioral traits that represent a host’s potential to contact other hosts and vectors and avoid
predation (Metcalfe and Ure 1995), respectively. Activity level was assessed in the home cage;
observers stood 1-3 meters away from the cages, allowed birds to acclimate to their presence for
approximately 2 minutes, and then recorded the number of hops and flights per bird in one
minute. Vertical flight performance was measured in a Plexiglas flight chamber (dimensions 115
x 21.5 x 21.5 cm) with a labeled scale on the front to represent height in cm (Martin et al. 2012).
The flight chamber was located behind an opaque curtain to obstruct birds’ views of the
observers. Each bird was placed into the chamber individually, allowed 30 seconds to acclimate,
and then the curtain was swung aside abruptly to elicit a startle-response. The height of each
bird’s flight was recorded, and then the curtain was closed and the process repeated for a second
flight measurement. Each individual’s flight performance per sampling period was taken as the
average of two trials.

Data Analysis
All analyses were conducted in R version 3.2.3 (R Core Team 2015) and figures were
constructed in GraphPad Prism (version 5.01).

Assessing Host Resistance To describe the temporal dynamics of the WNV infection over time,
I used a mixed model with a zero-inflated negative binomial distribution (R package:
9

‘glmmADMB’ (Fournier et al. 2012; Skaug et al. 2016-01-19)). The model used viral burden as
the response variable, with day (BL to 8 dpi, numeric variable) and treatment (control or WNVexposed), and the interaction between day and treatment, as predictors and individual ID as a
random effect. A type II analysis of deviance (anova) test was then performed on this model to
assess the influence of day, treatment and day-by-treatment on viremia (R package: ‘car’ (Fox
and Weisberg 2011)).

Assessing Population Tolerance Linear mixed models were used to assess changes in
performance across the infective period, as well as population-level tolerance (R package: ‘lme4’
(Bates et al. 2015)). In the first series of models, each performance metric (i.e., body mass,
vertical flight, breast muscle score and activity level) was used as the response variable
separately, with day (0 to 4 dpi) and treatment (i.e., control and WNV-exposed) as main and
interactive effects, and individual ID as a random effect. Type II Wald chi-square anovas were
then performed on each model to assess the significance of time, treatment and time-bytreatment on performance (R package: ‘car’ (Fox and Weisberg 2011)). In the case of significant
changes in performance of WNV-exposed birds relative to controls, I used linear mixed models
to calculate population tolerance (R package: ‘lme4’ (Bates et al. 2015)). To do so, performance
(on 2 and 4 dpi) was used as the response variable, with vigor (performance at BL) and viremia
(on 2 and 4 dpi) as predictors, with individual as a random effect. The significance of each
predictor was investigated using a Type II Wald chi-square anova test (R package: ‘car’ (Fox and
Weisberg 2011)). The slope of the relationship between performance and viral burden was
extracted from the model summary, and represented the population-level tolerance estimate.
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Scope versus Position Tolerance To estimate individual ‘scope’ tolerance for each of the
performance traits separately, linear mixed models were used (R package: ‘lme4’ (Bates et al.
2015)). Each performance trait (on 2-4 dpi) was set as the response variable, with vigor and
viremia (on 2-4 dpi) as predictors and individual as a random effect. As opposed to the
population tolerance models, however, here the random effect variable was altered to hold the yintercept constant while allowing each bird’s slope to vary. The slope coefficients for each
individual (i.e., scope tolerance estimates) were then extracted from these linear mixed models.
‘Position’ tolerance for each performance trait were estimated using linear regressions (R base
package (R Core Team 2015)) to compare average performance (between 2 and 4 dpi; response
variable) to vigor and average viral burden (between 2 and 4 dpi; predictors). Each bird’s
residuals were extracted from these models as the position estimates of individual tolerance.
Individual tolerance estimates from the scope and position methods were then compared using
linear models for each performance metric separately (R base package (R Core Team 2015)). For
these models, scope estimates were used as response variables and position estimates were the
predictors. Type I analysis of variance tests were performed on each linear model to assess the
significance of correlations among scope and position tolerance estimates (R base package (R
Core Team 2015)).

Individual Tolerance Metric Comparisons Potential correlations among the four performance
traits were assessed using the Pearson method to extract correlation coefficients (R package:
‘Hmisc’ (Harrell Jr. et al. 2016)). Lastly, Pearson correlations were also used to determine
whether the four different tolerance estimates were related. Correlation coefficients and
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significance levels were calculated using the Pearson method among the z-score transformed
scope tolerance values (R package: ‘Hmisc’ (Harrell Jr. et al. 2016)).

Results
Assessing Host Resistance Viral burden was affected by WNV exposure (treatment: X21 =
6.5e13, p < 0.001) and day post inoculation (time: X21 = 6.43e20, p < 0.001), such that WNVexposed HOSP exhibited changing viremia across the experimental period (time: X21 = 13.506, p
< 0.001; Figure 1.1). Mean viral burden of exposed individuals across the entire experimental
period (2 to 8 dpi) was 104.03 PFU/ml, and mean peak burden was 105.83 PFU/ml. Mean viral
burdens on days 2, 4 and 8 post inoculation were 104.74, 105.49 and 101.27 PFU/ml, respectively.

Figure 1.1: Infection dynamics in house sparrows exposed to 101 PFU WNV. WNV burden
varied across the experimental period in exposed individuals. At day 4 post inoculation, mean
viral burden exceeded the transmission threshold for WNV (105 PFU/ml; represented by the red
dashed line). Control birds are included for comparison; trace amounts of WNV were found in
samples from two birds, explaining the non-zero means at 4 and 8 dpi. Symbols represent means
and bars are +/- 1 standard error.
12

Assessing Population Tolerance Two of the four performance metrics, vertical flight and breast
muscle score, were consistent across time (0 to 4 dpi) (time: X21 = 2.25, p = 0.133; X21 = 1.21, p
= 0.272) and were not influenced by WNV exposure (treatment: X21 = 1.20, p = 0.273; X21 =
0.11, p = 0.743). Body mass decreased from 0 to 4 dpi (time: X21 = 12.14, p < 0.01), however
this reduction in performance was observed in both control and WNV-exposed individuals
(treatment: X21 = 0.94, p = 0.331; time x treatment: X21 = 0.003, p = 0.955). Activity level was
similar among controls and WNV-exposed birds (treatment: X21 = 0.66, p = 0.415), and among
all birds activity level decreased over time, though this effect over marginally non-significant
(time: X21 = 3.47, p = 0.063). However, the change in activity level over time was affected by
WNV exposure (time x treatment: X21 = 5.18, p < 0.05; Fig. 1.2A), such that only WNV-exposed
birds experienced reductions in activity over time (time: X21 = 7.45, p < 0.01). A populationlevel tolerance estimate was retrieved for activity level, due to its status as the only performance
metric affected by WNV exposure. As viral burden increased among WNV-exposed birds on
days 2 and 4, activity level decreased (burden: X21 = 5.09, p < 0.05; Fig. 1.2B). The population
tolerance slope for body mass extracted from a linear mixed model was m = -0.307.

Scope versus Position Tolerance Overall, we found that scope and position tolerance were
similar within individuals. Position estimates of tolerance were significant positive predictors of
scope tolerance estimates for body mass (F1,29 = 92.05, p < 0.001; Figure 1.3A), vertical flight
(F1,19 = 150.09, p < 0.001; Fig. 1.3B), breast muscle (F1.19 = 588.6, p < 0.001; Fig. 1.3C) and
activity level (F1,19 = 272.16, p < 0.001 Fig. 1.3D).
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Scope Tolerance Estimates

Figure 1.2: Activity reduction in WNV-exposed house sparrows. A) Change in activity level
from 0 to 4 dpi was affected by WNV exposure. During this time frame, only WNV-exposed
birds exhibited reductions in activity. Symbols represent population means, and bars represent
+/- one standard error. B) Significant reductions activity level were observed with increasing
viremia, with a population tolerance slope estimate of m = -0.307.

Position Tolerance Estimates
Figure 1.3A – D: Methods of estimating tolerance. Each plot shows the scope versus position
estimates of individual tolerance for each performance metric: A) body mass, B) vertical flight,
C) breast muscle score and D) activity level. Dots represent individuals and each line shows the
best-fit regression line between scope and position tolerance estimates.
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Individual Tolerance Metric Comparisons Among all of the performance metrics, only body
mass and activity level were correlated (ρ = 0.27, p = 0.02, Table 1.1B). There were no
significant relationships among the other performance traits. In terms of tolerance, only scopeestimated tolerance for breast muscle score and flight performance were statistically related, but
this relationship was only marginally non-significant (ρ = 0.40, p = 0.07; Table 1.1A). All other
pairwise comparisons of tolerance were not significant; see Table 1.1 for Pearson’s correlation
coefficients.

Table 1.1A-B: Comparisons among metrics of tolerance.
Flight
A) Pearson Correaltion
Mass Tolerance
Tolerance
(ρ), p-value

Breast
Tolerance

Flight Tolerance

-0.12, p=0.61

-

-

Breast Tolerance

0.10, p=0.68

0.40, p=0.07*

-

Activity Tolerance

0.11, p=0.63

-0.18, p=0.44

0.12, p=0.62

B) Pearson Correaltion
(ρ), p-value

Mass

Flight

Breast

Flight

0.00, p=0.98

-

-

Breast

0.17, p=0.15

0.10, p=0.41

-

Activity

0.27, p=0.02*

0.07, p=0.56

-0.12, p=0.31

*Values in table represent the Pearson Correlation coefficients and p-values of significance for
A) the scope estimates of tolerance based on different performance metrics and B) the four
performance metrics.

Discussion
I found that two alternate methods of quantifying tolerance, scope and position, produced similar
estimates for WNV infections in house sparrows. These results are exciting because they suggest
that field studies unable to measure the same individuals repeatedly can accurately estimate
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individual tolerance with single performance-burden samples. By contrast, I found little evidence
that individual tolerance estimates were consistent among performance traits. This result is not
entirely surprising or unprecedented (Ayres and Schneider 2012). However, from a broader
perspective it suggests that the absence of parasite effects on a single host trait is not necessarily
representative of the parasite’s overall effects on the host. Rather, these results emphasize the
need for measurements of parasite effects on hosts that are relevant to individual- and
community-level disease outcomes. Indeed, only one performance trait, activity level, was
affected by WNV infection; all others were consistent with control birds. This difference may be
significant, as activity level has implications for host exposure to vectors (Barron et al. 2015;
Gervasi et al. in review-a). Below I expound on the implications of this work for elucidating the
role of tolerance in community disease dynamics for WNV and other parasites.

Scope versus Position Tolerance The scope method, estimating the slope of the relationship
between performance and parasite burden within an individual over the course of infection, is
similar to range tolerance, a method that has been used successfully in many studies (Coon et al.
2014; Hayward et al. 2014; Raberg et al. 2007). Here though, I also used vigor as a covariate in
my tolerance model to account for performance in an uninfected state; this practice has been
encouraged by a variety of researchers in the tolerance literature (Graham et al. 2011; Stowe et
al. 2000). The use of vigor provides an advantage to inferring tolerance, as a host’s performance
in an uninfected state may inherently affect their ability to cope with infection; for example,
hosts may exhibit a tradeoff in which they are better able to defend against parasites at the cost of
reduced vigor (Graham et al. 2011). Alternatively, the position method estimates individual
tolerance as deviations from the average (population-level) relationship between performance
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and burden. This technique, while resembling point tolerance, has rarely been used in animal
research. Although some researchers have argued that tolerance cannot be measured within
individuals unless parasite burden and performance are multiply recorded for each infected
individual (Doeschl-Wilson et al. 2012; Schneider 2011), here I found strong positive
relationships between the scope and position estimates of individual tolerance for four
performance metrics (body mass, flight performance, breast muscle score and activity level).
These results challenge the prior claim and suggest the potential use of the position method as an
appropriate alternative to the scope method, especially in field studies. To confirm this notion, I
suggest that future tolerance studies employ both the scope and position methods, if practical, to
further investigate the relationship between the slope and residual estimates of tolerance.

Individual Tolerance Metric Comparisons I found that individual tolerance estimates from each
of the four performance traits were unrelated, with one (marginal) exception: birds with higher
breast muscle tolerance had slightly higher flight tolerance. From these results I concluded that
high tolerance for one trait does not imply high tolerance for another trait. Again, this is not a
novel conclusion; as Ayres and Schneider (2012) described, different performance metrics may
respond differently to increasing parasite burden, thus producing conflicting tolerance estimates.
For instance, range tolerance estimates for house finches exposed to Mycoplasma gallisepticum
varied based on the selected tolerance metric: as pathogen load increased, finches exhibited
worsening eye lesion severity but no change in body mass (Adelman et al. 2013). By contrast, in
genetically different mice strains with rodent malaria, tolerance estimates based on body mass
and red blood cell density were positively correlated (Raberg et al. 2007). Combined, these
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results emphasizes the need to choose tolerance metrics that are system-appropriate and ideally
ecologically relevant.

Assessing Population Tolerance Of the four host traits investigated in this study, only activity
level at the population-level was affected by increasing viral burden. The birds in this experiment
well-tolerated WNV as measured by body mass, breast muscle score and flight performance;
they were able to maintain breast muscle size and the height of vertical flight at pre-exposure
levels across the experimental period. Reduction in average body mass was observed from day 0
to 4, but this change was not a result of WNV exposure. Conversely, WNV-exposed birds
decreased their activity levels as viral burden increased. Thus, the average individual within this
experimental population experienced lowered performance in terms of general activity as their
infections worsened. Among individuals, however, there was variation in individual tolerance
estimates for all four of the performance metrics and depending on the estimation method used.
For instance, most individuals reduced performance with increasing burden, but some
individuals instead increased performance as viremia increased. There is a clear importance of
individual heterogeneity in host competence (Bansal et al. 2007; Lloyd-Smith et al. 2005), such
as in the 2015 MERS-CoV outbreak in South Korea (Cowling et al. 2015). As with the
individual-level comparisons of different tolerance metrics, we see yet again that estimating
tolerance from different performance traits can lead to conflicting results. In the case of WNVinfected HOSP, we should rely more heavily on tolerance estimates from activity and flight
measurements to make inferences about host competence. These behavioral traits are more likely
to affect transmission, as more active birds have a greater potential to interact with susceptible
hosts and vector (increased contact rates), and birds with higher vertical flight have a higher
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chance of survival (increased duration of infectiousness). Thus, the populations and individuals
expressing relatively high tolerance via flight performance and activity level are the most likely
to act as superspreaders (Boots 2008; Gopinath et al. 2014; Raberg et al. 2009).

Assessing Host Resistance In order to facilitate transmission of WNV to an uninfected mosquito,
the host must surpass a circulating viral titer of approximately 105.0 PFU/ml (may vary
depending on specific mosquito species; (Komar et al. 2003)). Here, the average viremia among
WNV-exposed birds on day 4 post inoculation was 105.49 PFU/ml; I thus inferred that the
average bird in this population was competent by day 4. Additionally, I noted that two thirds (14
of 21 total) of exposed sparrows surpassed the transmission threshold during at least one of the
sampling time points, and on average birds remained infectious for 1.5 days. House sparrows
have previously been implicated as reservoirs and overwintering hosts of WNV (Duggal et al.
2014) due to their potential to amplify and shed virus (Del Amo et al. 2014; O'Brien et al.
2010b), persistence of virus in tissues (Nemeth et al. 2009a; Wheeler et al. 2012) and their
commonness globally (Marzal et al. 2011). Additionally, the dose of 101 PFU WNV used in this
experiment was lower than the typical inoculation dose of a WNV-infected mosquito into a live
host, which ranges from less than 101 to over 106.6 PFU, depending on the species of mosquito
(Styer et al. 2007). HOSP performance for three of the four selected traits was unaffected by
WNV infection, suggesting that members of this species in general are highly tolerant in many
aspects of performance. Combined with their infectiousness to vectors by 4 dpi, I inferred that
house sparrows have the potential to act as particularly competent hosts of WNV. Taken
together, the results of this study provide additional support for house sparrows as reservoir hosts
of WNV that play an important role in transmission in natural communities. The success of
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house sparrows as an invasive species might even be in part due to their ability to use parasites to
their advantage (Coon et al. 2014), a phenomenon that is not unique to HOSP (Prenter et al.
2004). For instance, introduced Kenyan HOSP displayed comparable resistance and tolerance to
coccidia as native grey-headed sparrows (GHSP), but they shed many more parasites back into
the environment (i.e., spillback) (Coon et al. 2014). Perhaps HOSP play a similar role in WNV
dynamics, providing infectious blood meals to mosquito vectors that enhance the risk of WNV
transmission to other avian and mammalian species, thereby facilitating their range expansion.
Here I also found non-zero quantities of WNV in two of the control birds. Most likely, this was
due to background noise in the RT-qPCR assay or trace amounts of cross-contamination of
control samples at any stage of handling the blood, serum or RNA samples. Less likely, yet still
possible, is the chance that these two control birds were exposed to WNV during
experimentation and exhibited inconsequential yet non-zero viral burdens. Due to precautions
taken during the study to ensure separation of control and WNV-exposed birds, though, this
possibility is unlikely.
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CHAPTER TWO:
CONSTITUTIVE CYTOKINE EXPRESSION AND CORTICOSTERONE MEDIATE
HOST COMPETENCE TO WEST NILE VIRUS

Abstract
Resistance and tolerance are two strategies of host defense that help mediate both individual host
outcomes and have implications for community-level disease dynamics. For instance, resistance
and tolerance may act together to influence and individual host’s competence, or their ability to
transmit infections to susceptible hosts and vectors. Highly competent hosts thus pose significant
threat to other individuals, populations and species within a community. Understanding the
mediators driving variation in resistance and tolerance at the individual level may have multipronged benefits regarding the management and control of infectious diseases. Here I
investigated the role of pro-inflammatory cytokine interferon-γ (IFN-γ), anti-inflammatory
cytokine interleukin-10 (IL-10) and glucocorticoid corticosterone (CORT) in mediating
resistance and tolerance of house sparrows (Passer domesticus) to West Nile virus (WNV). As
expected, I found a significant role for IFN-γ in mediating individual resistance, and IL-10 in
mediating individual tolerance, to infection. Contrary to my predictions, I found evidence for a
protective role of CORT via increased resistance and decreased tolerance to WNV infection.
Importantly, these results imply that wild HOSP with high constitutive IL-10 and low
constitutive IFN-γ expression may be highly competent hosts of WNV, and these insightful
conclusions can be feasibly gathered from a single, non-lethal blood sample.
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Introduction
Variation in host competence, or the propensity to generate new infections (Barron et al. 2015;
Gervasi et al. 2015; Martin et al. in press), is partly the outcome of how organisms resistant
and/or tolerate infections. Resistance is the prevention or elimination of infection, whereas
tolerance involves mitigation of self-damage regardless of parasite burden (Raberg et al. 2009).
The ability of individual hosts to cope with infection via resistance and/or tolerance is mediated
by an array of behavioral, physiological and immunological mechanisms (Raberg et al. 2009).
Understanding the underlying mediators of host defense has broad implications for predicting the
spread of infectious diseases in natural communities. For instance, hosts with low resistance (i.e.,
high parasite burden) and high tolerance (e.g., longer infectious period or increased contact with
susceptible hosts) may be highly competent, possessing the greatest potential to facilitate
transmission (Barron et al. 2015; Boots 2008; Gopinath et al. 2014; Raberg et al. 2009). The
benefits of investigating the physiological elements of competence to parasites are multipronged, and may include: 1) identifying and targeting reservoir species or populations, 2)
pinpointing and treating at-risk populations and 3) directing control efforts towards potential
superspreaders and diluters within a population. Thus, understanding the mediators of
competence may facilitate and enhance the development of disease management strategies for
natural communities.

Countless physiological and behavioral elements likely interact within a host to mediate
resistance and tolerance to infections (Martin et al. in press). One such mechanism is regulation
of the inflammatory response by pro- and anti-inflammatory cytokines (Opal and DePalo 2000).
Cytokines are immunomodulatory proteins that coordinate the activity of various cells of the
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immune system (Dinarello 2000). Pro-inflammatory cytokines, such as interferon-γ (IFN-γ),
induce inflammation by facilitating recruitment of leukocytes and other parasite-fighting cells to
the affected tissues, often at the expense of damage to host tissues (Dinarello 2000). IFN-γ
regulates immune responses and contributes to parasite elimination via direct anti-viral effects
(e.g., disruption of viral replication), polarization of helper T cells and priming of the adaptive
immune response (Shrestha et al. 2006). IFN-γ has been implicated in mediating resistance to a
variety of parasites, including West Nile virus (Shrestha et al. 2006; Wang et al. 2003), hepatitis
C virus (Kokordelis et al. 2014), Toxoplasma gondii (Suzuki et al. 1988) and Mycobacterium
tuberculosis (Flynn et al. 1993). For example, IFN-γ-deficient mice exposed to WNV exhibited
greater and sooner infection-induced mortality and higher viral titers than wildtype mice
(Shrestha et al. 2006). On the other hand, anti-inflammatory cytokines inhibit the synthesis of
pro-inflammatory cytokines, promote healing and mitigate tissue damage caused by chronic
inflammation, implicating them as mediators of tolerance (Opal and DePalo 2000; Raberg et al.
2009; Sears et al. 2011). Interleukin-10 (IL-10) is an anti-inflammatory cytokine that inhibits
several pro-inflammatory cytokines, such as IFN-γ (Fiorentino et al. 1991; Gazzinelli et al. 1992;
Opal and DePalo 2000). As a result, the production of IL-10 may reduce resistance to certain
parasites; for example, IL-10-deficient mice exposed to WNV experienced lower viral burden
and mortality rates than wildtype mice, implying a negative function for IL-10 in controlling
WNV infections (Bai et al. 2009).

Glucocorticoids are effective mediators of inflammation, particularly in their anti-inflammatory
effects (Barnes 1998; Van Miert 2002). Here I was interested in understanding the influence of
glucocorticoids, specifically corticosterone (CORT), on host defense against parasites. CORT
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has complex effects on host immunity and disease susceptibility (Dhabhar 2009; Dhabhar and
Mcewen 1997; Martin 2009). In response to stressors, such as infection (Borges et al. 2012;
Ruzek et al. 1997; Trgovcich et al. 1997) or short-term captivity (Kuhlman and Martin 2010;
Martin et al. 2011) CORT is typically upregulated in large part to damp inflammation and reduce
the corresponding self-damage (Barnes 1998). Chronic, high elevations in CORT often result in
immunosuppression via diminished inflammatory responses, thereby reducing resistance to
infection (Applegate and Beaudoin 1970; Avitsur et al. 2006; Dhabhar 2009; Gervasi et al. in
review-b; McEwen et al. 1997; Owen et al. 2012; Sapolsky et al. 2000). On the other hand, acute
or minor elevations in CORT may actually enhance host immunity, thus providing increased
protection against parasites (Dhabhar 2009; Dhabhar and Mcewen 1997; Sapolsky et al. 2000).
In the case of chronic stress, hosts may experience decreased resistance (i.e., high parasite
burden) and increased tolerance (via reduced immunopathology), thus possessing high
competence to facilitate transmission (Cohen et al. 2012).

West Nile virus (WNV) is an emerging zoonotic Flavivirus that may cause illness in humans
ranging from mild fever to severe encephalitis and sometimes fatality (Kramer et al. 2007),
although humans are dead-end hosts (Lim et al. 2011). The primary enzootic cycle occurs
between mosquito vectors, especially Culex species, and avian hosts (Kramer et al. 2007). WNV
has had particularly devastating impacts on passerine populations, leading to high rates of
morbidity and mortality (Kilpatrick et al. 2013; Komar et al. 2003) and making passerines a taxa
of particular interest in WNV studies. House sparrows (HOSP; Passer domesticus) are globally
common passerines that often play important roles in disease dynamics in their introduced
regions (Coon et al. 2014; O'Brien et al. 2010a). HOSP have also been identified as a reservoir
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species for WNV in various regions of North America and Europe (Del Amo et al. 2014; Duggal
et al. 2014; Komar et al. 2003; Muñoz et al. 2012; Nemeth et al. 2009a; Nemeth et al. 2009b;
O'Brien et al. 2010b; Rizzoli et al. 2015; Wheeler et al. 2012). The effect of WNV exposure on
the mediators of host defenses in house sparrows is unclear, yet has broad implications for
targeting more effective transmission control studies and improving disease management
strategies. Here, my two main objectives were to 1) characterize the dynamics of and
relationships between pro- and anti-inflammatory cytokine expression and circulating
corticosterone concentrations in HOSP in response to WNV exposure and 2) understand the
relationships between resistance, tolerance and these putative mediators. Based on what is known
of vertebrate glucocorticoid and cytokine responses to viral infections, I anticipated an
upregulation of CORT and IFN-γ expression and an associated, yet delayed, upregulation of IL10 across the 4 day experimental trial. In regards to the mechanisms of resistance and tolerance,
IFN-γ responses were expected to predict resistance to WNV infection, whereas IL-10 and
CORT were anticipated to predict host tolerance.

Methods
In the fall of 2015, 25 house sparrows (Passer domesticus; HOSP) were caught in mist nets in
the Tampa Bay area (approximately 28ᵒN, -82ᵒW). Sparrows were placed in cloth bags and
transported to the Communication Sciences and Disorders (PCD) facility at the University of
South Florida (USF), to await relocation to the Animal Biosafety Level-3 (ABSL-3) facility at
USF (between 2 and 24 day post capture). Birds were housed in individual cages, which were
further contained within a BioBubble system, for the duration of the experiment. In the ABSL-3
facility HOSP were maintained at approximately 70-72ᵒF and 50% humidity on a 0600:1900
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light-dark cycle, and provided with ABBA 1900 exotic finch food (ABBA Products, Corp.,
Hillside, NJ) and water ad libitum. This study adhered to the Institute for Animal Care and Use
Committee protocol #1528 and Institutional Biosafety Committee permit #1133 at the University
of South Florida.

Experimental Procedure
Once relocated to the ABSL-3 facility, a four-day acclimation period was provided prior to
experimentation. To capture baseline performance, CORT levels and cytokine expression, four
performance metrics (see “Assessing Host Tolerance”) were recorded and blood samples were
collected for all individuals. Throughout the experiment, performance trials and blood sampling
were conducted in the morning and the early afternoon, respectively. Initial performance
measurements later represented vigor, or performance in an uninfected state. For this and all
subsequent sampling time points, plasma was isolated from blood extracted from the brachial
vein (approximately 50μl) and separated via centrifugation for 15 minutes at 12,000 rpm. In
addition, approximately 5-10μl of whole blood was added to 500μl of RNAlater for later
cytokine expression analysis. All blood and plasma samples were stored in centrifuge tubes at 40ᵒC. One day following baseline measurements (i.e. 0 days post inoculation [dpi]), sparrows
were randomly assigned to the control (N=4) or treatment (N=21) groups; accordingly, birds
received a subcutaneous inoculation of 100μl of serum virus diluent (SVD) or 102 PFU/ml WNV
(1999 New York strain, prepared from serial dilution of 108 PFU/ml stock in SVD; 101 PFU
WNV total). The WNV used here originated in an American crow [Corvus brachyrhynchos], and
the stock concentration was confirmed via Vero cell (strain C1008) plaque assay (Brien et al.
2013; Govorkova et al. 1996). The same procedure used to capture baseline performance and
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blood samples was repeated on days 2 and 4 post inoculation. Thus, host performance was
measured a total of three times (-1 [here-on-out referred to as 0], 2 and 4 dpi) in each HOSP.
HOSP were maintained and monitored in the ABSL-3 facility until 24 dpi, at which time all
birds were euthanized.

Assessing Host Resistance RNA from plasma samples was extracted following manufacturer’s
instructions for the QIAamp Viral RNA Mini Kit (QIAGEN, catalog # 52906). Reverse
transcriptase quantitative PCR (RT-qPCR) (iTaq Universal Probes One-Step kit, BioRad, catalog
# 1725141) was then performed using the plasma-derived RNA (Papin et al. 2010; following
protocol used by Gervasi et al. (in review-b)). Each RT-qPCR plate consisted of a standard curve
(derived from a serial dilution of stock virus) run in triplicate and all samples and no-template
controls run in duplicate. From the RT-qPCR outputs we obtained the mean circulating viral titer
(PFU per ml) per time point for each HOSP.

Assessing Host Tolerance The four performance metrics selected for this experiment were body
mass (g), breast muscle score (size of breast muscle on a 0-4 scale; (Adelman et al. 2010),
activity level (number of hops per minute), and vertical flight performance (cm (Martin et al.
2012)). Overall host condition was represented by simple-to-measure body mass and breast
muscle score (Adelman et al. 2010; Owen-Ashley and Wingfield 2007). By contrast, activity
level and flight performance represented each host’s potential contact rates with uninfected
mosquitoes and susceptible hosts and their survival potential (i.e., predation avoidance)
(Metcalfe and Ure 1995). Activity level was measured as the number of hops demonstrated by
birds in a single minute while assessed at a distance of 1-3 meters from their cages. Vertical
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flight performance was estimated as the average of two successive trials in a Plexiglas flight
chamber (115 x 21.5 x 21.5 cm (Martin et al. 2012)): bird were placed one-at-a-time in the
chamber, located behind a curtain, and given 30 seconds to acclimate. The curtain was then
removed suddenly and the height of vertical flight was recorded; this procedure was conducted a
total of two times per bird, per sampling day.

Assessing Changes in Host Defense RNA was extracted from whole blood preserved in
RNAlater using the Fisher BioReagentsTM SurePrepTM Leukocyte RNA Purification kit (Fisher
Catalog No. BP280750). The extracted RNA was used as the template for a SYBR Green RTqPCR reaction [iTaqTM Universal SYBR® Green One-Step kit (Bio-Rad Catalog No. 1725151)].
Forward and reverse primers were developed using Primer3 Plus and Primer-BLAST from
predicted mRNA sequences for zebra finch (Taeniopygia guttata) interleukin 10 (NCBI
Reference Sequence: XM_002194605.1) and interferon gamma (NCBI Reference Sequence:
XM_002188923.1). The qPCR set-up consisted of a standard curve (derived from zebra finch
liver RNA) run in triplicate and the samples and a negative control (no RNA template) in
duplicate. To assess circulating CORT concentrations (pg/ml), plasma from each bird was used
in conjunction with the DetectX® Corticosterone Enzyme Immunoassay Kit (EIA; Arbor Assays
Catalog No. K014-H5), following manufacturer’s instructions.

Data Analysis
All analyses were conducted in R version 3.2.3 (R Core Team 2015) and figures were
constructed in GraphPad Prism (version 5.01).
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Dynamics of the Mediators of Defense Linear mixed models were used to understand the
dynamics of IL-10 expression and CORT levels over the course of the experiment (R package:
‘lme4’ (Bates et al. 2015)). In these two models, IL-10 expression or CORT levels were set as
the response variables, with day (0 to 4 dpi, numeric variable), treatment (control or WNVexposed), sex, time in captivity (pre-inoculation; binned into 5 day periods), and the interaction
between time and treatment as predictors, and individual ID as a random effect. CORT dynamics
were further broken down by treatment, such that linear mixed models were used to assess time,
sex and captivity (predictors) effects on CORT levels in WNV-exposed and control birds
(response variables) separately (R package ‘lme4’ (Bates et al. 2015)). IFN-γ dynamics were
investigated using identical predictors as IL-10 and CORT (time, treatment, time-by-treatment,
sex and captivity), however a generalized mixed model with negative binomial distribution was
used instead (R package ‘lme4’ (Bates et al. 2015)). To investigate the significance of time,
treatment, time-by-treatment, sex and captivity on mediator dynamics, Type II Wald chi-square
anovas were performed (R package: ‘car’ (Fox and Weisberg 2011)).

Interactions among the Mediators of Defense Linear mixed models were employed to
investigate the relationships among the mediators of defense (R package: ‘lme4’ (Bates et al.
2015)). Specifically, I compared each combination of CORT levels, IFN-γ expression and IL-10
expression from 0 to 4 dpi. In these analyses, treatment, sex and time in captivity were included
as covariates, as well as interactions between treatment and the mediator predictors. Individual
ID was used as a random effect. To plot these relationships, area under the curve (AUC)
calculations were performed for each mediator per individual over the 0 to 4 day experimental
period, and then a simple linear regression was fit in GraphPad Prism to show the population
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average relationship between the mediators (see Appendix C, Figures C.2A-B). Type II Wald
chi-square anovas were performed on these models to assess the significance of the relationships
among the predictors (R package: ‘car’ (Fox and Weisberg 2011)).

Mediators of Resistance The relationship between viral burden and the defense mediators across
the infection period was explored using a zero-inflated Gaussian mixed model ((Min and Agresti
2005); R package: ‘glmmADMB’ (Fournier et al. 2012; Skaug et al. 2016-01-19)). This model
included viral burden (BL to 4 dpi) as the dependent variable, IL-10 and IFN-γ expression,
CORT levels, binned time in captivity and sex as predictors, and individual as a random effect.
Predictor significance was investigated using a Type II anova test (R package: ‘car’ (Fox and
Weisberg 2011)). Two estimates of individual resistance were calculated: 1) peak viral burden
and 2) days infectious (See Appendix B for detailed calculations). The influence of average (2 to
4 dpi) and baseline (i.e., prior to WNV-exposure) IL-10 and IFN-γ expression and CORT levels
on these two resistance estimates were assessed using a linear model for peak viremia (R base
package (R Core Team 2015)) and a generalized linear model with negative binomial error
distribution for days infectious (R package: ‘MASS’ (Venables and Ripley 2002)). Sex and time
in captivity were used as additional covariates in these models. Type I (R base package (R Core
Team 2015)) and Type II (R package: ‘car’ (Fox and Weisberg 2011)) anovas were performed
on the peak viremia and days infectious models, respectively.

Mediators of Tolerance Individual tolerance scope estimates for each separate performance
metric were extracted from linear mixed models as described in Chapter 1 (Data Analysis; R
package: ‘lme4’ (Bates et al. 2015)). To investigate the relationship between tolerance and the
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mediators of defense, individual scope estimates based on body mass, flight performance, breast
muscle score and activity level were used as dependent variables in separate linear models with
average (2-4 dpi) and baseline IL-10 and IFN-γ expression and CORT level as predictors and sex
and binned time in captivity as covariates (R base package (R Core Team 2015)). Type I anova
tests were performed to assess the significance of each predictor on tolerance (R base package (R
Core Team 2015)).

Mediators of Survival A survival analysis was conducted using a Cox Proportional Hazards
model to compare time to death with average (between 2 and 4 dpi) and baseline measurements
for the mediators of defense (IL-10, IFN-γ and CORT), as well as time in captivity and sex (R
package ‘survival’ (Therneau 2015; Therneau and Grambsch 2000)). The above analyses that
included IL-10 and IFN-γ expression as separate predictors were also performed using the ratio
of anti- to pro-inflammatory cytokines (IL-10 expression divided by IFN-γ expression) (see
Appendix C for results).

Results
Dynamics of the Mediators of Defense Expression of IFN-γ was unaffected by time (0 to 4 dpi)
(time: X21 = 2.69, p = 0.101; Figure C.1A), days spent in captivity (captivity: X21 = 0.36, p =
0.549), sex (X21 = 0.25, p = 0.619) and WNV exposure (treatment: X21 = 2.28, p = 0.131). IL-10
expression decreased across the experimental period (time: X21 = 22.65, p < 0.01; Fig. C.1B),
and this change in expression over time was dampened by WNV-exposure (time x treatment: X21
= 11.41, p < 0.01). IL-10 expression was unaffected by sex (sex: X21 = 2.46, p = 0.117), but birds
that spent longer in captivity prior to experimentation had higher IL-10 expression, though this
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effect was marginally non-significant (captivity: X21 = 3.12, p = 0.077). CORT levels were
higher in control birds compared to WNV-exposed birds (treatment: X21 = 6.69, p < 0.01) and
lower in birds that had spent a longer time in captivity (captivity: X21 = 7.41, p < 0.01). CORT
levels also varied from days 0 to 4 (time: X21 = 8.71, p < 0.01) and this variation was affected by
WNV-exposure (time x treatment: X21 = 10.14, p < 0.01; Fig. C.1C), such that controls
upregulated CORT (time: X21 = 6.29, p < 0.05) while WNV-exposed birds down-regulated
CORT (time: X21 = 14.42, p < 0.01) from 0 to 4 dpi. Male birds exhibited higher CORT levels
than females (sex: X21 = 5.90, p < 0.05).

Interactions among the Mediators of Defense From 0 to 4 dpi, IL-10 expression increased with
increasing IFN-γ expression (IFN-γ: X21 = 7.88, p < 0.01; Fig. C.2), but this relationship was not
affected by WNV-exposure (IFN-γ x treatment: X21 = 0.19, p = 0.663). We found no relationship
between CORT and IFN-γ (IFN-γ: X21 = 0.01, p = 0.913) or IL-10 expression (IL-10: X21 = 0.02,
p = 0.894) during this time period. However, the relationship between IL-10 and CORT was
marginally affected by WNV-exposure (IL-10 x treatment: X21 = 2.76, p = 0.097).

Mediators of Resistance Across the experimental period (0-4 dpi), viral burden increased with
decreasing IFN-γ expression (IFN-γ: X21 = 4.13, p < 0.05), CORT level (CORT: X21 = 4.78, p <
0.05), and time spent in captivity (captivity: X21 = 11.03, p < 0.01). Viral burden was not related
to IL-10 expression (IL-10: X21 = 0.24, p = 0.626) or sex (sex: X21 = 1.60, p = 0.206) over the
entire experimental period. As baseline IFN-γ expression increased, individual resistance
increased, as measured by decreased days infectious (BL IFN-γ: X21 = 11.80, p < 0.01; Figure
2.1) and peak viral burden (BL IFN-γ: F8,12 = 4.73, p = 0.050; Fig. 2.1). Average IFN-γ
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expression was also negatively correlated with days infectious, though this relationship was
marginally non-significant (Avg. IFN- γ: X21 = 3.53, p = 0.060; Figure C.3A). Increased average
and baseline CORT levels were associated with fewer days infectious (Average CORT: X21 =
4.26, p < 0.05; Fig. C.3B), though baseline was only marginally related (BL CORT: X21 = 3.50,
p = 0.061; Figure 2.2). Resistance also increased with greater time spent in captivity: as time in
captivity increased, days infectious (captivity: X21 = 11.79, p < 0.01) and peak viral burden
(captivity: F8,12 = 9.28, p < 0.05) decreased. Sex was the only other predictor of resistance, with
males remaining infectious longer than females (sex: X21 = 5.49, p < 0.05).

Figure 2.1: Baseline IFN-γ as a Mediator of Individual Resistance. Individuals with higher
BL IFN-γ expression exhibited increased resistance, here represented by decreased days
infectious (black line) and marginally decreased peak viral burden (blue line). Symbols represent
WNV-exposed individuals.
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Figure 2.2: Baseline CORT as a Mediator of Individual Resistance. Higher BL CORT levels
were predictive of increased individual resistance in the form of marginally decreased days spent
infectious. Symbols represent WNV-exposed individuals.

Mediators of Tolerance Body mass tolerance increased as baseline expression of IL-10
increased (BL IL-10: F8,12 = 16.06, p < 0.01; Figure 2.3A) and average (2-4 dpi) CORT levels
decreased (CORT: F8,12 = 12.42, p < 0.01; Fig. C.4A). As average (2-4 dpi) IFN-γ expression
increased, there was an associated marginally non-significant decrease in individual flight
tolerance (IFN-γ: F8,12 = 3.89, p = 0.072; Fig. C.4B). Individual breast muscle tolerance
increased as baseline expression of IFN-γ decreased (BL IFN-γ: F8,12 = 6.84, p < 0.05; Fig.
2.3B), and it was marginally lower in males than in females (sex: F8,12 = 3.55, p = 0.084).
Activity level tolerance was marginally higher in birds that had spent longer in captivity
(captivity: F8,12 = 3.45, p = 0.088). No other significant relationships were observed between
tolerance and the mediators of defense.
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Figure 2.3A-B: Baseline Cytokines as Mediators of Individual Tolerance. A) As BL IL-10
expression increased, individual mass tolerance increased. B) BL IFN-γ expression was
negatively correlated with breast muscle tolerance. Dots represent individual WNV-exposed
HOSP.

Mediators of Survival Only baseline IL-10 expression was predictive of survival: as BL IL-10
expression increased, survival tended to increase, but non-significantly (Cox Proportional
Hazards, z = -1.82, p = 0.070).

Discussion
I found that expression of two cytokines and circulating corticosterone concentrations were
predictive of individual HOSP resistance and tolerance to WNV. These wild-caught passerines
responded uniquely to WNV infection compared to typical immune responses of other host
species. For instance, mice upregulate IL-10 (Bai et al. 2009) in response to WNV infection, and
require upregulation of pro-inflammatory cytokines (Arjona et al. 2011; Samuel and Diamond
2005; Shrestha et al. 2006; Wang et al. 2003; Wang et al. 2004) to effectively cope with WNV
infection, whereas I found no upregulation of IL-10 or IFN-γ. Even so, I found exciting evidence
for a role of constitutive cytokine expression in predicting host competence to WNV, and
support for HOSP as unique reservoirs of WNV. HOSP are a widely successful introduced
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species that currently occupy six of the seven continents (Marzal et al. 2011). High competence
potential in such a ubiquitous host species could have important consequences for community
disease dynamics in their introduced ranges, particularly given evidence that HOSP may
weaponize parasites to outcompete their native heterospecifics (Coon et al. 2014). To my
knowledge, no studies have investigated the cytokine and glucocorticoid dynamics associated
with WNV infection in HOSP or other passerine species. Below I expand upon the results of our
study and the conclusions that may be drawn from them.

Dynamics of the Mediators of Defense Expression of IFN-γ was unaffected by WNV exposure
in HOSP. IL-10 expression was downregulated over the measurement period, though the effect
was reduced in WNV-exposed birds. From 0 to 4 dpi, control birds exhibited higher CORT
levels than WNV-exposed birds, and the dynamics of expression during this period were affected
by WNV exposure. My basic investigations into the dynamics of cytokines and CORT in
exposed and unexposed sparrows were unique in many aspects. The lack of upregulation of IFNγ in WNV-exposed birds was wholly unexpected, as IFN-γ is critical in mediating early
responses to WNV infection (Shrestha et al. 2006). The reduction of IL-10 expression during the
experiment also conflicts with previous findings that IL-10 expression increases markedly in
response to WNV infection (Bai et al. 2009). Lack of infection-induced cytokine responses may
be due to the selected sampling times in this study (2 and 4 dpi): perhaps peak IFN-γ and IL-10
expression in the infected HOSP occurred between sampling time points (e.g., between 0 and 48
hpi). Although this is the most likely explanation for the observed results, other species exposed
to viral parasites have demonstrated elevated pro- and anti-inflammatory cytokine expression at
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48 and 96 hour time points, although these results were not obtained from blood (Bai et al. 2009;
Fassbinder-Orth et al. 2014).

Similarly surprising was the low circulating levels of CORT in WNV-exposed birds relative to
controls; previous research has demonstrated upregulated glucocorticoid production, including
CORT, in response to viral infection (Borges et al. 2012; Ruzek et al. 1997; Trgovcich et al.
1997). These dynamics may be the result of unique responses of passerines, or specifically
HOSP, to WNV infection. CORT levels increased in controls birds from BL to 4 dpi, which was
also unexpected. Previous findings in HOSP and other avian species showed that CORT levels
were upregulated in response to short-term captivity, but long-term captivity was associated with
decreased or plateaued levels of CORT (Dickens and Bentley 2014; Dickens et al. 2009a;
Dickens et al. 2009b; Kuhlman and Martin 2010; Martin et al. 2011). Here, birds spent between
six and 28 days in captivity prior to experimentation, which equates to longer-term captivity (i.e.,
long-term stress) (Dickens et al. 2009b; Kuhlman and Martin 2010; Martin 2009); thus, the
upregulation of CORT in controls birds is unexplained by previous findings regarding the
relationship between CORT and captivity. The mechanism by which CORT increased in controls
but not in WNV-exposed birds is unknown, but more rigorous experimentation may elucidate
these questions. One important caveat is that the analysis of CORT levels in this study was
opportunistic; CORT evaluation was not an initial objective of this experiment. Thus, CORT
samples were not taken at ideal times, potentially affecting the congruency of these results to
those found in other studies (Martin 2009).
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Interactions among the Mediators of Defense Both controls and WNV-exposed birds
experienced a similar relationship between pro- and anti-inflammatory cytokines during the
experimental period: higher IL-10 expression was associated with higher IFN-γ expression. This
result was not entirely expected, due to the role of IL-10 in suppressing production and
expression of IFN-γ and other pro-inflammatory cytokines (Fiorentino et al. 1991; Gazzinelli et
al. 1992; Opal and DePalo 2000). However, the time course over which this suppression may
occur is vitally important, yet unknown for this host-parasite system. Interestingly, we found no
relationship between CORT levels and IFN-γ or IL-10 expression, although the influence of IL10 expression on CORT was mildly affected by WNV exposure. The lack of correlation between
CORT and both cytokines was unexpected due to the known damping effect of CORT on the
inflammatory response (Kapcala et al. 1995; McEwen et al. 1997; Råberg et al. 1998; Sapolsky
et al. 2000). To date no studies have investigated the dynamics of cytokines and CORT in HOSP
exposed to WNV. Perhaps HOSP represent a singular response to WNV, as their expression of
immune mediators does not comply with other previously studied species and parasites.

Captivity Effects on Host Defense Time spent in captivity was a significant predictor of
resistance and tolerance in this study. Birds that spent longer in captivity prior to
experimentation expressed lower CORT levels, lower viral burdens (from 0 to 4 dpi), lower peak
viral burden, fewer days infectious and higher activity tolerance. Subjecting wild animals to
captivity can be a detriment to the overall health of the host (Buehler et al. 2008; Ewenson et al.
2001; Martin et al. 2011), often due to novel captivity-related stressors (Mason 2010; Matson et
al. 2006; Morgan and Tromborg 2007). Here, though, birds experienced a controlled, constant
environment in which food and water were supplied ad libitum and predators and other typical
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environmental stressors were absent. These controlled environmental variables may help explain
the results of this study, which suggested a protective effect of captivity on host health (i.e., hosts
the spent the longest in captivity had relatively higher resistance and tolerance). Although our
results conflict with prior studies showing a negative relationship between captivity and host
health, our study implies that the true nature of this relationship may be complex and contextdependent.

Mediators of Resistance Across days 0 to 4, birds that expressed higher CORT and IFN-γ had
lower viral burdens. Birds with higher baseline expression of IFN-γ exhibited a shorter period of
infectivity and moderately lower viral burdens, and those with higher average (2-4 dpi) IFN-γ
expression spent modestly fewer days infectious. Additionally, individuals with higher CORT
levels experienced (slightly) fewer infectious days. Combined, these results suggest a protective
role of CORT and IFN-γ during WNV infection. The protective effect of IFN-γ was expected,
due to the significant role of IFN-γ in mediating resistance to WNV (Shrestha et al. 2006; Wang
et al. 2003). Interestingly, though, constitutive (baseline) expression of IFN-γ was more critical
in mitigating WNV burden than induced IFN-γ. The protective effect of CORT on viral burden
found here adds more confusion to the already-complex known interactions between CORT and
host immunity. Extensive research suggests that chronic CORT has suppressive effects on
immunity (Råberg et al. 1998), whereas some research has shown that acute, low levels of
elevated CORT may be immunoprotective (Råberg et al. 1998). Specifically in the WNV system,
evidence supports that role of CORT in reducing resistance to infection (Ben-Nathan 2013;
Gervasi et al. in review-b; Jankowski et al. 2010; Owen et al. 2012). In this experiment, the lack
of induced CORT in WNV-exposed birds across the infection period, paired with CORT’s
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positive effect on resistance, are contrary to this previous WNV literature and warrant future
HOSP-WNV studies into this relationship.

Mediators of Tolerance Here I identified important mediators of tolerance as estimated by four
different performance metrics. Individuals with high mass tolerance also had high baseline
expression of IL-10 and low average CORT levels. On the other hand, birds with higher average
IFN-γ expression exhibited slightly lower flight tolerance, and those with higher baseline IFN-γ
had lower breast muscle tolerance. As predicted, IL-10 appears to mediate tolerance, at least via
body mass, to WNV infection. From these results we can infer that HOSP with high constitutive
expression of IL-10 may have the greatest potential to act as highly tolerant hosts of WNV, thus
posing disproportional risk to other hosts in their communities. By contrast, individuals with
relatively high CORT levels tended to have low tolerance and high resistance to WNV infection.
From our data alone, I could conclude that HOSP with high CORT may be of very low
importance in WNV disease dynamics. However, the results of prior empirical (Applegate and
Beaudoin 1970; Avitsur et al. 2006; Dhabhar 2009; Gervasi et al. in review-b; McEwen et al.
1997; Owen et al. 2012; Sapolsky et al. 2000) and theoretical (Cohen et al. 2012) studies suggest
that CORT is often immunosuppressive and may promote tolerance; these conflicting results thus
beg further investigation into the role of CORT in the HOSP-WNV system. Consistent with our
original predictions, the negative association between IFN-γ expression and individual tolerance
is likely a result of the self-damaging nature of the inflammatory response (Sears et al. 2011;
Tracey and Cerami 1993), whereby HOSP with higher expression of IFN-γ experienced a
relatively greater inflammatory response and thus displayed decrements to flight performance
and size of breast muscle. The variation in significant predictors for each estimate of tolerance
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was not surprising, as I previously showed that the use different performance metrics results in
conflicting estimates of individual tolerance (see Chapter 1).

Mediators of Survival Due to the obvious correlation of survival to competence in the form of
increased duration of infectivity, we were interested in understanding the mediators of survival
among WNV-exposed HOSP. We did so using Cox Proportional Hazard models, rather than
estimating tolerance directly, because of the lack of repeated performance-burden measurements
for survival. Among all of the mediators of defense, only baseline IL-10 expression was related
to survival, such that birds with higher constitutive IL-10 expression lived modestly longer. This
finding agrees with the association we found between IL-10 and tolerance: HOSP with higher
constitutive levels of IL-10 seem to tolerate infection better and thus survive longer. Combined
with the IFN-γ results, we may conclude that birds with constitutively high IL-10 and low IFN-γ
expression may be disproportionately at risk for transmitting WNV. These results have exciting
implications for the future of disease management: identifying birds with high IL-10 and low
IFN-γ expression may provide a new strategy for targeting potential superspreaders in at-risk
populations, thus helping control the spread of WNV in natural communities. Of critical
importance is the method we employed here of capturing IL-10 and IFN-γ expression from
brachial vein blood samples. Whereas WNV pathogenesis involves viral invasion and replication
in dendritic skin cells, lymph nodes, immune tissues and the brain (Byrne et al. 2001; Diamond
et al. 2003; Lim et al. 2011; Samuel and Diamond 2006; Wang et al. 2004), here we showed
incredible predictive power of cytokine expression derived from non-lethal, small-volume blood
samples. This provides another, simpler method for field biologists to use that is less invasive yet
still may help to manage the spread of WNV in nature.
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In this study we attempted to characterize physiological responses of avian hosts to an
ecologically relevant disease. We found striking results, some of which contrast sharply with
expected patterns based on previous research. For instance, the protective nature of CORT and
the temporal dynamics of IL-10, IFN-γ and CORT in control and WNV-exposed HOSP were
unusual compared to result from similar studies of other avian host-parasite systems. These
unexpected results may simply be a novelty of HOSP responses to WNV, or an artifact of the
time points at which samples were collected. Combined with the unique behavioral and
physiological flexibility in these passerines (Brzęk et al. 2011; Liebl and Martin 2013; Martin II
et al. 2004; Martin and Fitzgerald 2005), we acknowledge the possibility that the responses
measured in this study may be unique to HOSP, although more studies should be conducted
before such conclusions can be made. Most compelling is our finding that HOSP hosts of
particular interest in communities at risk of WNV may be those with constitutively high IL-10
and low IFN-γ expression. Additional studies will be critical for evaluating the relevance of the
HOSP-WNV system to other host-parasite systems, and ultimately for better understanding the
mediators of host competence so that novel disease management strategies may be implemented.
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CHAPTER THREE:
MEASURING PARASITE TOLERANCE FROM AN ECOLOGICAL PERSPECTIVE

Abstract
Tolerance, or the maintenance of host performance during infection independent of resistancebased mechanisms, is one mechanism of host defense that has broad ecological implications. For
instance, hosts with high tolerance may be highly competent and potentially act as
superspreaders of disease. However, disease tolerance in the animal literature is a relatively new
field, and these tolerance studies have involved a variety of motives (e.g., evolutionary, medical,
ecological), approaches (e.g., field, laboratory and human clinical studies) and methods (e.g.,
point versus range tolerance, vigor); as a result, confusion often clouds the animal tolerance
literature. Here, I briefly summarize past and current approaches to estimating tolerance in
animals, and specifically highlight important biases and conflicts over which “y-axis” tolerance
metrics to use. I then discuss the importance of studying tolerance from an ecological
perspective, and ruminate on how we may apply ecological elements to our selected y-axis
metrics. I conclude by summarizing and encouraging a novel, unified approach to estimating
disease tolerance in animal research.

Current Tolerance Definitions and Perspectives
Hosts have two main strategies for dealing with infectious parasites: resistance and tolerance.
Resistance is the prevention or elimination of infection, with the ultimate goal of reducing
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numbers of parasites on or in hosts (i.e., parasite burden). Tolerance, on the other hand, is the
ability of a host to maintain high performance (e.g., health, survival, growth, reproductive
success) regardless of parasite burden. Historically, the majority of the animal disease research
has focused on resistance. However, a recent spate of studies has revealed potentially unique
roles of tolerant hosts in disease dynamics (Figure 3.1). Whereas tolerance research in plants has
been extensively studied and relatively cohesive (Baucom and de Roode 2011; Stowe et al.
2000), animal tolerance studies have involved diverse motives, definitions, and techniques. A
large proportion of the animal tolerance literature is devoted to investigating the implications of
tolerance on host-parasite coevolution and the evolution of parasite virulence (Best et al. 2014;
Little et al. 2010; Raberg et al. 2009; Roy and Kirchner 2000; Sorci 2013). These studies
typically employ quantitative theory to understand how defenses evolved and continue to be
maintained in populations (Boots 2008; Restif and Koella 2004). The distinct disciplines of
medical and health sciences have emphasized tolerance from a different perspective: individual
patient outcomes (Regoes et al. 2014; Vale et al. 2016). These studies are often aimed at
elucidating the mechanisms of tolerance, particularly with the goal of developing novel
therapeutic treatments (Ferreira et al. 2011; Jamieson et al. 2013; Rasko and Sperandio 2010).
Whereas this work has enhanced our ability to mitigate individual health outcomes for a variety
of diseases, individual-level implications for populations have yet to be fully explored (Vale et
al. 2014; Vale et al. 2016). A third focus of disease research has been on the importance of
tolerance in wildlife extinctions, although these studies often view tolerance as a mechanism of
managing at-risk populations rather than considering the epidemiological consequences of
providing for tolerant hosts and/or species to communities (McCallum 2012). In this paper, we
provide a framework for studying tolerance that is amenable to super and suborganismal
44

processes. For instance, highly tolerant hosts may influence community-level disease dynamics
disproportionally, either by acting as highly competent superspreaders of disease (Barron et al.
2015) or as dilution hosts with low competence (Johnson et al. 2015; LoGiudice et al. 2003;
Ostfeld and Keesing 2000). The importance of tolerance in an epidemiological context is often
underappreciated; an emphasis on ecologically-motivated tolerance research may help elucidate
at-risk and risky hosts, genotypes, populations and species in the spread of infectious diseases.

Figure 3.1: Relating Host Tolerance and Competence. Hosts with different tolerance
estimates may contribute differently to transmission. The four tolerance slopes represent four
individual hosts with different defense profiles, each resulting in different consequences for
transmission: Dark Blue) High resistance and high tolerance; Light Blue) High resistance and
low tolerance; Dark Red) Low resistance and high tolerance; Pink) Low resistance and low
tolerance. The dashed line depicts the transmission threshold for the parasite of interest. The dark
blue and light blue hosts are thus unable to contribute to transmission, whereas the red and pink
hosts can facilitate disease spread. In this context, the dark blue host has a defense profile
characteristic of a dilution host (i.e., avian host absorbing parasites from the environment),
whereas the red host is the most likely to act as a superspreader (i.e., avian host shedding
parasites into the environment).

The methods by which we measure and quantify tolerance have ramifications for understanding
both host health and disease dynamics (Raberg et al. 2009), yet so far, research on tolerance has
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mostly been opportunistic in terms of which traits are considered to be impacted by parasites. If
by contrast we were to keep factors about each host-parasite or host-vector-parasite system in
mind when studying defense, we could gain more insight into the role of tolerance in disease
outcomes. To do so, we must construct a framework for overcoming challenges associated with
studying ecological tolerance, in part through careful consideration of the traits we use to
evaluate tolerance. By applying this new tolerance framework to a susceptible-infected (SI)
model for a directly transmitted parasite, we can emphasize the functional importance of
tolerance to parasite transmission that supersedes its traditional representation in quantifying
disease spread. Here I attempt to recruit disease biologist to this effort by i) briefly summarizing
past animal tolerance research and ii) outlining our unified perspective for tolerance research.

Tolerance as an Expanding Field
Tolerance has only recently emerged as a focus of animal research (Baucom and de Roode 2011;
Raberg et al. 2007; Read et al. 2008; Schneider and Ayres 2008). Confusion over the concept,
and particularly its measurement (Graham et al. 2011; Little et al. 2010; McCoy et al.
Unpublished MS) has been fostered by a lack of cohesiveness in tolerance research. For instance,
tolerance in the context of disease is often confused with immunological tolerance (Medzhitov et
al. 2012), the phenomenon by which T cells bcome unresponsive to self-antigens. Discontinuities
have also emerged over the conceptual and procedural definitions of tolerance. For instance in
the use of point tolerance at a single parasite burden (Little et al. 2010) versus range tolerance
across a scope of parasite burdens (Ayres and Schneider 2012; Little et al. 2010); the resulting
estimates of tolerance may even confluct in some contexts (Little et al. 2010; Stowe et al. 2000).
House finches from different populations that were exposed to Mycoplasma gallisepticum (MG),
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for instance, displayed similar range tolerance but differed in their point tolerance at the peak of
infection (Adelman et al. 2013). Point tolerance does not account for dynamics in host
performance across a range of parasite burdens, therefore studies utilizing range tolerance (Coon
et al. 2014; de Roode and Altizer 2010; Hayward et al. 2014; Raberg et al. 2007) may be more
appropriate and informative, especially when the estimates given by each are in disagreement.
Similarly, the decision to include vigor, a measure of performance in an uninfected state, can
influence the conclusions of tolerance studies (Graham et al. 2011; Rohr et al. 2010; Stowe et al.
2000). Many animal tolerance studies have either ignored vigor (Raberg et al. 2007), been unable
to include it due to the chosen performance metric (e.g., survival, in which vigor is simply the
state of being alive (Corby-Harris et al. 2007; de Roode and Altizer 2010)), or we unable to
make measurements of uninfected individuals (e.g., field and human clinical studies (Bordes et
al. 2012; Coon et al. 2014; Regoes et al. 2014)). Including vigor, when possible, should help
disentagle costs of exposure and infection from general performance (McCoy et al. Unpublished
MS), and thus more accurately classify hosts and/or species as tolerant. Moving forward, a
universal understanding of tolerance could provide useful guidance for the field.

Current Approaches to Estimating Tolerance To date, the majority of animal studies have
estimated tolerance to diverse parasites. Traits including i) body mass (Bonneaud et al. 2012;
Raberg et al. 2007), ii) immune metrics (Cornet et al. 2014; Regoes et al. 2014) and iii) survival
(Corby-Harris et al. 2007; de Roode and Altizer 2010) (for a more detailed list see Table 3.1)
have been well-studied. Such traits are relatively easy to measure and are often relevant to host
fitness or health. They are also understandably chosen because of the difficulty of collecting
other types of data (e.g., lack of control over exposure time and/or dose and confounding and
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uncontrollable environmental variables, difficulties sampling over long time periods), especially
when focal hosts are wildlife. Only a handful of studies have successfully measured animal
tolerance in the field (Bordes et al. 2012; Hayward et al. 2014). The vast majority of animal
tolerance studies have involved laboratory-based experimental infections on wildlife or
domesticated model organisms (Ayres and Schneider 2009; Bonneaud et al. 2012; Bordes et al.
2012; Coon et al. 2014; Corby-Harris et al. 2007; Lefevre et al. 2011; Raberg et al. 2007; Rohr et
al. 2010; Stjernman et al. 2008; Vale and Little 2012). Whereas studies conducted in the lab have
experimental advantages (i.e., control of prior exposure, health of host, etc.), they often
misrepresent natural processes. Moreover, stressful and/or contrived conditions of captivity (e.g.,
food, shelter and climate) may artificially dampen or enhance the effects we are interested in
studying. Utilizing a variety of study designs (e.g., laboratory, field, mesocosm) will contribute
unique perspectives to the field of tolerance, but each must be guided by distinctive hypotheses
and methods to expand its relevance to natural disease dynamics.

Tolerance as an Ecologically Relevant Phenomenon
Heterogeneity in host defense strategies can lead to individuals with differing abilities to absorb
or spread parasites within an environment (Barron et al. 2015; Lloyd-Smith et al. 2005). Thus,
the population- and community-wide implications of highly tolerant species, genotypes, and
individual hosts are often non-trivial (Boots 2008). Hosts with high tolerance, for instance, are
likely to influence disease dynamics disproportionately due to their increased rates of physical
and/or social interaction with susceptible hosts and/or vectors. Highly tolerant hosts that also
have low resistance (and thus high parasite burdens) will likely have high performance and a
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Table 3.1: Animal tolerance studies and their “y-axes” of tolerance.
Tolerance “y-axis”

Host Species

Parasite Types

References
(Ayres and Schneider
2009; Ayres and
Schneider 2008;
Corby-Harris et al.
2007; de Roode and
Altizer 2010; Huang
et al. 2012; Jamieson
et al. 2013; Larsen et
al. 2010; Lough et al.
2015; Rohr et al.
2010; Sahoo et al.
2014; Shinzawa et al.
2009; Stjernman et al.
2008)
(Adelman et al. 2013;
Bonneaud et al. 2012;
Cornet et al. 2014;
Jamieson et al. 2013;
Lough et al. 2015;
Raberg et al. 2007;
Sahoo et al. 2014)
(Hayward et al.
2014)*
(Vale and Little
2012)

fruit fly; Monarch
butterfly; mouse;
American toad and
Green frog tadpoles;
fly; blue tit; honeybee

bacteria; protozoa;
coinfection
(virus/bacteria);
trematode cercariae;
fungi

body mass

house finch; canary;
Soay sheep; mouse

bacteria; malaria;
gastrointestinal
nematode; coinfection
(virus/bacteria);
malaria

host fecundity

daphnia

sterilizing bacteria

body condition

wood mouse

helminth parasites

(Bordes et al. 2012)*

testes mass

wood mouse

helminth parasites

(Bordes et al. 2012)*

body temperature

mouse

coinfection
(virus/bacteria)

(Jamieson et al. 2013)

haematocrit

canary

malaria

(Cornet et al. 2014)

vertical flight

house sparrow

coccidia

(Coon et al. 2014)

pectoral width

house sparrow

coccidia

(Coon et al. 2014)

fat score

house sparrow

coccidia

(Coon et al. 2014)

survival
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Table 3.1 (Continued)
Tolerance “y-axis”

Host Species

Parasite Types

References

allocation of
leucine

house sparrow

coccidia

(Coon et al. 2014)

tissue damage

mouse, human,
freshwater fish

bacteria***, malaria,
copepod

(Figueiredo et al.
2013; Mazé-Guilmo
et al. 2014)
(Gozzelino et al.
2012)**

energetic state

honeybee

fungi

(Kurze et al. 2016)

RBC density

mouse

malaria

(Raberg et al. 2007)

CD4+ T cells

human

HIV

(Regoes et al.
2014)**

eye lesion severity

house finch

bacteria

(Adelman et al. 2013)

* = field study; ** = clinical cases; no asterisk = experimental study
*** = also used CLP (ceccal ligation and puncture)

longer period of infectiousness, thus acting as highly competent superspreaders that facilitate the
spread of infection (Figure 3.1, dark red host; (Barron et al. 2015; Boots 2008; Gopinath et al.
2014; Lloyd-Smith et al. 2005; Raberg et al. 2009; Woolhouse et al. 1997)). To illustrate the
importance of superspreaders in natural populations, consider the recent series of superspreading
events that were identified in the South Korean MERS-CoV outbreak, in which three patients
were implicated in transmitting the virus to the majority of the 166 current human patients
(Cowling et al. 2015). Conversely, highly tolerant hosts with high resistance (i.e. low parasite
burden) may have the greatest potential to inhibit the spread of parasites in a community (Figure
3.1, dark blue host). This within-population phenomenon may be functionally equivalent to the
dilution effect, in which the presence of resistant host species is associated with lower
community-level parasite prevalence (Civitello et al. 2015; James et al. 2015; Keesing et al.
2010). These dilution hosts effectively absorb parasite from the environment without
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contributing to further transmission (Keesing et al. 2006; Raffel et al. 2008). Targeting hosts
with risky competence profiles is a promising method for controlling the emergence and spread
of infectious diseases (Richer et al. 2014; Venesky et al. 2014). Considering what tolerance may
mean to the dynamics of a particular system, and thus developing hypotheses a priori, will be
vital to understanding the underlying ecological implications of a variety of hosts in diverse
disease systems. Below we outline an approach to studying tolerance from a unified ecological
perspective.

The Y-axis of Tolerance
The methods and metrics used to calculate tolerance affect the inferences we can gain from
tolerance studies. For instance, consider a host whose individual competence, once infected, is
the combined effect of duration of infectivity, infectiousness, and rate of contact with
susceptibles. Tolerance metrics involving survival would have direct effects on competence via
infection duration, but other metrics would be less straightforward. Body condition and immune
system measurements, for example, may sometime be inversely correlated with duration of
infection and infectiousness (Flint and Franson 2009; Latorre-Margalef et al. 2009; Møller et al.
1998), but not always consistently or intuitively (Arsnoe et al. 2011). Rather than selecting
tolerance metrics for their simplicity to be measured, the y-axis variables of tolerance would be
more insightful if relevant to the host-parasite system being studied. Relying solely on
operational tolerance (Ayres and Schneider 2012), as opposed to functional forms that affect
disease dynamics, prohibits conclusions about natural disease dynamics. Decisions about which
performance traits to quantify should be driven by the specifics of each host-parasite or hostvector-parasite system. Additionally, considering the context of each host-parasite relationship
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will be important, as plasticity will play a role in shaping disease outcomes. In many systems, the
most informative metrics of tolerance to characterize may be host behaviors, as these traits have
apparent influences on individual- and population-level infection outcomes. That is, behavioral
metrics of tolerance may have the greatest impact on the basic reproductive number (R0) of a
parasite; thus, at the individual-level, these traits will likely have cascading effects on
populations and communities.

Selection of Appropriate Tolerance Metrics Relevant host traits to quantify will depend heavily
on the disease being studied; modes of tolerance are likely to differ greatly depending on parasite
type and transmission mode. Macroparasites, for instance, typically accumulate slowly via
exposure, often resulting in chronic infections (Anderson and May 1979). On the other hand,
microparasites commonly multiply exponentially in or on hosts, reach a peak burden, and then
decay upon host recovery (Anderson and May 1979). In terms of transmission potential,
tolerance metrics involving lifespan might therefore be less informative for acute microparasitic
infections than for chronic macroparasitic infections where longer lifespan equates to greater
lifetime shedding potential. In a study of American toads and green frogs, older and larger
tadpoles were more tolerant (as measured by lifespan) to trematode infections than less
developed, smaller individuals (Rohr et al. 2010). The authors interpreted this outcome to
indicate that more developed tadpoles have a longer duration of shedding, and thus the potential
to contribute more significantly to transmission of trematode parasites (Rohr et al. 2010).
Microparasitic studies may benefit more from shorter interval performance traits, including
behaviors such as sociality, general activity level, and habitat range. For example, native and
introduced passerines (gray-headed sparrows, Passer griseus, and house sparrows, Passer
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domesticus, respectively) in Kenya exhibited similar tolerance to coccidia infections in the form
of flight performance despite significantly higher parasite burdens in the introduced species
(Coon et al. 2014). Vertical flight is a mechanism of predator avoidance, as higher flight allows
birds to escape predator attacks more effectively. These results indicate that introduced house
sparrows are better able to avoid predators (increasing infective period) and maintain normal
activity levels (increasing contacts with susceptible hosts) while carrying more parasites, thus
giving them a potential fitness advantage over native gray-headed sparrows (Coon et al. 2014).
Relating this study to Figure 1, we can infer that house sparrows and grey-headed sparrows may
exhibit profiles similar to the dark red and dark blue hosts, respectively, with house sparrows
contributing more to transmission despite both species possessing similar tolerance.

The transmission mode of a parasite (e.g., contact, vector-borne, sexual, vertical, environmental,
airborne) may be another critical component to consider when selecting an appropriate tolerance
metric. Whereas traits such as mating frequency and fecundity may be critical in predicting
tolerance for sexually and vertically transmitted parasites, feeding rates and time spent
socializing will likely be more important measurements for environmentally and directly
acquired parasites, respectively. In humans with AIDS, for instance, quantifying the number of
partners and instances of risky sexual behavior, rather than measuring only immune metrics,
would greatly increase our ability to understand and predict the spread of this sexually
transmitted disease (Smith 1991). On the other hand, to understand the disease dynamics of
directly transmitted parasites, different behavioral traits, such as host range, may be of greater
significance. Among African bovid species, high habitat overlap was associated with higher
prevalence and abundance of generalist nematodes, suggesting a correlation between a species53

level behavioral characteristic and the probability of parasite transmission (Ezenwa 2003). For
parasites that alter contact rates between susceptible and infected hosts, populations exhibiting
no change in contact rate (e.g., tolerant hosts) over the course of infection will have higher
disease prevalence than populations that experience reduced contact rates (e.g., less tolerant
hosts) or assortative mixing in response to infection (Ezenwa et al. 2016).

Overcoming Challenges of Tolerance Studies Informative “y-axis” traits are often difficult to
measure, which probably explains their lack of representation in the literature. Complex
behavioral traits such as host range, activity level, aggression and territoriality, socialization,
mating success, and gonadal damage from castrating parasites, among others (for more examples
see (Barber and Dingemanse 2010; Hawley et al. 2011)), may be widely applicable to inferring
host exposure risk and competence potential. One such example comes from the house finch-MG
system, in which transmission of the conjunctivitis-causing parasite has been linked to bird
feeder use (Dhondt et al. 2007). House finches that spent more time on bird feeders had the
greatest incidents of MG conjunctivitis and, when infected, were more prone to initiate
epidemics (Adelman et al. 2015). Thus, feeding behavior would act as an excellent systemspecific metric with which to estimate tolerance: infectious birds that spent more time at a
diversity of feeders could be implicated as highly competent, potential superspreaders of MG.
This type of hypothesis-driven, epidemiologically-intentioned study could inform targeted
management strategies to help control the spread of MG (Adelman et al. 2015). In vector-borne
disease systems, such as West Nile virus (WNV) in passerines, appropriate tolerance metrics
may be based on traits, such as activity level, that attract (e.g., via increased CO2 output or heat
production by the host (McMeniman et al. 2014)) or increase encounter rates with susceptible
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mosquitoes. Zebra finches with artificially elevated corticosterone (CORT) levels were more
active (as measured by the number of vector-directed behaviors) and more highly fed upon by
Culex mosquitoes compared to zebra finches without elevated CORT levels (Gervasi et al. in
review-b). In this system, measuring activity and CORT levels may provide insight into the
transmission potential of individual hosts, as these traits affect their attractiveness to and
interactions with mosquito vectors. Collecting the behavioral data, such as in the above
examples, may be time- and resource-intensive; one solution is to couple these more demanding
methods with simpler traits such as body mass, tissue damage or repair, febrile responses,
anemia, hormone levels (e.g., CORT in the WNV system) and other immune metrics. If strongly
correlated, these simple traits may then be used as proxies for more elaborate behavioral
measurements. Without empirical evidence for using proxies, though, priority should be given to
the ecologically important traits; the many measurable metrics of health, performance, and
fitness are unlikely to respond identically to increasing parasite burdens, thus producing
conflicting estimates of tolerance (Ayres and Schneider 2012).

Concluding Remarks and Future Perspectives
To date, the empirical study of disease tolerance in animals has yet to identify a common theme.
Whereas the study of tolerance may take a variety of forms, perhaps the most intriguing and
broadly relevant is understanding how tolerance within individuals, genotypes, and species may
affect population- and community-wide disease dynamics. Tolerant hosts may contribute to these
dynamics disproportionately relative to their abundance, with great potential to act as either
superspreaders or dilution hosts. Therefore, identifying highly tolerant hosts is likely an
important step in predicting and managing the spread of infectious diseases. By uniting the
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efforts of researchers to focus on ecologically relevant tolerance studies, we may begin to better
characterize these tolerant hosts (or genotypes, species, etc.) in natural contexts. Before such a
synthesis can be realized, however, there are unanswered questions and hurdles to overcome. We
hope the approach discussed here will appeal to disease biologists, disease ecologists, and
epidemiologists to draw attention to the lack of unification within the field and begin to
encourage a greater emphasis on productive, forward-looking, and broadly pertinent tolerance
research.
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APPENDIX B: CALCULATION OF DAYS INFECTIOUS
To assess the number of days each house sparrow was infectious with WNV, calculations were
performed to estimate the time during which each bird’s viral burden exceeded the 105 PFU/ml
transmission threshold. Viral burdens on 0, 2, 4 and 8 dpi for each bird were retrieved from the
output of RT-qPCR analysis. Birds with viral burdens below 105 PFU/ml at each time point were
considered infectious for zero days. For birds that did exceed this threshold, the slope and
intercept of the relationship between viral burden and time was calculated for the time points
immediately before, during and after surpassing 105 PFU/ml. Slope was calculated using the
basic formula, m = (y2 – y1)/(t2 – t1), and intercept was estimated via the formula, a = -mt + y.
Using the slope and intercept to generate the equation of a line, the time at which viral burden
crosses 105 PFU/ml was estimating with the following formula: x = (y – a)/m, with y = 5. The
time at which burden initially crosses the threshold is subtracts from the tie at which burden falls
back below the threshold of 105 PFU/ml. For birds that died in between sampling days, but that
were above the threshold at their final sampling time point, the time at which viral burden
initially crosses the threshold was subtracted from day of death. An example calculation is
provided below.

Table B.1: Example Calculation of Days Infectious.
Viral Burden, y
Day, t
Slope, m Intercept, a
(log10 PFU/ml)
0
0
2
3
1.5
0
4
6
-1.25
11
8
1
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Crosses 105 at
time, x:
-

Days
Infectious

3.3
4.8

1.5

APPENDIX C: CHAPTER 2 SUPPLEMENTARY FIGURES

Figure C.1A-D: Cytokine and CORT Dynamics in WNV-Exposed and Control HOSP. A)
Expression of IFN-γ was unaffected by time and WNV exposure. B) Expression of IL-10
decreased from 0 to 4 dpi and this relationship was dampened by WNV exposure. C) Circulating
CORT levels were higher in controls than in WNV-exposed birds. CORT levels also varied
significantly over the experimental period, and this relationship differed between the treatment
groups. D) Expression of IL-10 relative to IFN-γ (cytokine ratio) decreased significantly over
time (time: X21 = 10.96, p < 0.01), and this change over time was affected by WNV exposure
(time x treatment: X21 = 5.51, p < 0.05). Squares and solid lines represent WNV-exposed birds,
whereas dashed lines and circles are control birds. Symbols and bars represent means and +/- one
standard error, respectively.

76

Figure C.2: Correlations among Cytokines in HOSP. Across the experimental period (0-4
dpi), IL-10 expression increased with increasing IFN-γ expression. This relationship was similar
for control and WNV-exposed individuals. Symbols represents area under the curve (AUC)
calculations for IL-10 and IFN-γ for each individual across days 0 to 4 post inoculation. Controls
and WNV-exposed birds are represented by dashed and solid lines, respectively.

Figure C.3A-B: Average IFN-γ and CORT as Mediators of Resistance. A) As average (2-4
dpi) IFN-γ expression increased, the number of days an individual was infectious decreased
slightly. B) The number of days infectious also increased with decreasing average CORT levels.
Dots and lines represent individuals and population-level regressions, respectively.
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Figure C.4A-B: Average IFN-γ and CORT as Mediators of Tolerance. A) As average CORT
levels increased, individual mass tolerance decreased. B) Similarly, individual flight tolerance
decreased slightly with increasing average IFN-γ expression. Dots and lines represent individual
WNV-exposed HOSP and population-level regressions, respectively.
Cytokine Ratio and Resistance. The relative expression of IL-10 to IFN-γ did not predict
resistance, in that there was no significant correlation between cytokine ratio and viral burden
over the course of the experiment (ratio: X21 = 0.16, p = 0.67). Additionally, baseline and
average expression of IL-10 relative to IFN- were not predictive of peak viremia (BL ratio: F6,13
= 0.02, p = 0.88; Avg. ratio: F6,13 = 0.53, p = 0.48) or days infectious (BL ratio: X21 = 1.18, p =
0.28; Avg. ratio: X21 = 0.02, p = 0.88).
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Figure C5.A-B: BL Cytokine Ratio Predicts Individual Tolerance. Individuals with higher
baseline expression of IL-10 relative to IFN-γ had higher mass tolerance (BL ratio: F6,13 = 10.59,
p < 0.01) and lower activity level tolerance (BL ratio: F6,13 = 6.61, p < 0.05). BL and average
cytokine ratio expression were not predictive of flight (BL ratio: F6,13 = 0.01, p = 0.93; Avg.
ratio: F6,13 = 0.20, p = 0.66), breast muscle (BL ratio: F6,13 = 0.03, p = 0.87; Avg. ratio: F6,13 =
0.61, p = 0.45) or average individual tolerance (BL ratio: F6,13 = 0.00, p = 0.95; Avg. ratio: F6,13
= 0.01, p = 0.91). The positive relationship between mass tolerance and baseline cytokine ratio
expression was expected, as IL-10 expression was also positively predictive of mass tolerance.
The negative relationship between activity tolerance and the cytokine ratio is surprising, but may
be explained by invoking the concept of sickness behaviors. In this study, greatly reduced
activity level with increasing viral burden is assumed to be an indicator of poor tolerance. From a
different perspective, however, reduced activity may be protective if used as a sickness behavior
(Hart 1988), thus explaining the relationship shown here. In other words, more IL-10 relative to
IFN-γ expression may be associated with increased sickness behavior (lethargy) that conserves
heat and energy to promote the febrile response and overall protection of the host (Hart 1988).
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